has a hormone-like glucoregulatory role, signaling that glycogen stores are reaching critically low levels in the contracting Inspiratory resistive breathing increases plasma cytokines, yet the muscles and stimulating hepatic glucose output to maintain stimulus (or stimuli) and source(s) remain unknown. We tested glucose homeostasis (10, 11) and might also signal injury in the role of reactive oxygen species as stimuli and of monocytes as muscles (12). Tumor necrosis factor-␣ (TNF-␣) affects muscle sources of resistive breathing-induced cytokines. Six healthy suband especially diaphragm contractility (13) N-acetylcysteine 2 g/day for 3 days before the second session).
breathing is accompanied by increased levels of reactive oxytance; blood mononuclear cells gen species (ROS) both in the vascular and extracellular compartments and within the working respiratory muscles Resistive breathing is encountered in many disease states, (26, 27) . Because ROS are general mediators of cellular resuch as asthma and chronic obstructive pulmonary disease. sponses able to induce cytokine production from various cell When strenuous enough, inspiratory resistive breathing protypes (28) (29) (30) , it can be hypothesized that ROS might be impliduces diaphragmatic fatigue (1) and delayed diaphragmatic cated in the resistive breathing-induced cytokine production. structural injury (2, 3) . We have reported that strenuous This study was performed to test the role of monocytes (as resistive breathing increases plasma cytokines (interleukin sources) and ROS (as stimuli) in the resistive breathing-[IL]-1␤ and IL-6) (4). Thus, strenuous resistive breathing has induced cytokine production in normal healthy volunteers. certain similarities with intense whole-body exercise, which also induces a plasma cytokine response (5, 6) . METHODS Resistive breathing-induced plasma cytokines might serve several functions. They stimulate the hypothalamic pituitary Subjects adrenal axis (7) and thus ␤-endorphin release (4), which Six healthy males who were 33 Ϯ 5 years old (range 28-44, 79 Ϯ 17 affects the control of breathing (8) . They affect brain funckg in weight, 176 Ϯ 10.5 cm in height) were studied. None participated tions, including sleep (9) and sensations of fatigue (10) . in regular physical training or had febrile illnesses during the month before testing. The local ethics committee approved the protocol, and all participants gave informed consent. Subjects refrained from exercising or strenuous activities for 24 hours before testing, which was started (Received in original form March 5, 2002 ; accepted in final form September 30, 2002) at 9:00 a.m. (to exclude circadian rhythm variation effects in the cytokine levels) after a carbohydrate-rich breakfast.
Antioxidant Supplementation
Subjects received a combination of antioxidants, including vitamin E 200 mg, vitamin A 50,000 IU, vitamin C 1,000 mg daily for 60 days before the second resistive breathing session; allopurinol 600 mg/day for 15 days; and N-acetylcysteine 2 g/day for 3 days and 800 mg in the morning before the second resistive breathing session.
Blood Samples
Blood samples were collected at baseline, at the end of the resistive breathing session, and at 30 and 120 minutes into recovery into sterile syringes and were transferred to precooled sterile ethylenediaminetetraacetic acid tubes (for enzyme-linked immuosorbent assay) or sodium heparin tubes for flow cytometry (used within 2 hours from venipuncture). Samples in ethylenediaminetetraacetic acid tubes were immediately spun in a refrigerated centrifuge to separate plasma from cells and thus avoid ex vivo cytokine secretion and were stored in polysterene tubes at Ϫ70ЊC until assayed.
Enzyme-linked Immunosorbent Assays
Plasma levels of TNF-␣, IL-1␤, and IL-6 were measured with commercially available enzyme-linked immunosorbent assay kits (HS Quan- Figure 1 . The TNF-␣ response to resistive breathing before and after tikine; R&D Systems, Minneapolis, MN). Plasma concentrations of antioxidants. (A ) The mean plasma TNF-␣ concentration before the cytokines were adjusted for changes in plasma volume during and after resistive breathing session (0 minutes), at the end of resistive breathing resistive breathing (31) . The areas under the curve of the change in plasma TNF-␣ concentration Flow cytometric detection of cytokines was performed as previously over time before and after antioxidant supplementation. (C ) The absodescribed with slight modifications (32) (33) (34) (35) (36) .
lute changes of plasma TNF-␣ concentration secondary to resistive Cell stimulation and staining. Whole blood (1 ml) was incubated breathing relative to the baseline concentration before resistive breathwith Brefeldin-A (10 g/ml) (to block intracellular transport of proteins, thus retaining cytokines produced inside the cell) in the presence or ing (0 minutes) before and after antioxidants. (Closed symbols) Before antioxidant administration. (Open symbols) After antioxidant adminisabsence of lipopolysaccharide (1 g/ml), and was cultured at 37ЊC for 4 hours in 5% CO 2 . Cultured cells (50 l) were incubated with anti-CD14-tration. *p Ͻ 0.05 compared with baseline values (0 minutes) after Bonferroni-type adjustment according to Hochberg (37); # p Ͻ 0.05 fluorescein isothiocyanate surface stain for 20 minutes at room temperature in the dark for staining of monocytes and were fixed with solution compared with values before antioxidant supplementation after Bonferroni-type adjustment according to Hochberg and Benjamini (37). A (75 ml) for 15 minutes and washed with 2 ml of phosphate-buffered saline azide (containing 0.1% sodium azide and 0.1% bovine serum albumin). Afterward, permeabilization reagent B (75 l; Sera-Lab) was added, followed by the appropriate anticytokine monoclonal antibodies, and the mixture was incubated for 20 minutes. After a final wash with intracellular isotype control antibodies were used. Additional details Plasma Cytokine Levels are provided in the online data supplement.
Before antioxidants. All three cytokines increased secondary to

Statistical Analysis
resistive breathing (Figures 1-3 ). IL-1␤ ( Figure 2A ) and Values reported are means Ϯ SEM. Plasma cytokine levels were ana-( Figure 3A) were increased at the time resistive breathing was lyzed two different ways. First, iso-time values were compared using under the curve of the plasma cytokine response over time were time points is presented in Tables 1-4 . Resistive breathing did not increase the production of cytokines by monocytes. Neither the percentage nor the mean fluorescence intensity of monocytes producing the three cytokines either spontaneously or after lipopolysaccharide stimulation changed secondary to resistive breathing (Tables 1-4 ). The only change observed was a reduction in the mean fluorescence intensity of the TNF-␣-producing monocytes (Tables 3 and 4 ) both before and after antioxidants, which reached statistical significance only after antioxidants (Friedman analysis of variance X 2 ϭ 10.2, p ϭ 0.017 for spontaneous production [ Table 3 ] and Friedman analysis of variance X 2 ϭ 10.47, p ϭ 0.015 for lipopolysaccharide-stimulated production [ Table 4 ]).
Correlations
No correlation was observed between the plasma cytokine level and the percentage of cytokine-positive monocytes or the mean fluorescence intensity at iso-time points. Furthermore, no correlation was observed between the percentage of cytokine positive monocytes or the mean fluorescence intensity at any time point and the plasma cytokine level at all later time points (considering between different time points and both the corresponding and the subsequent changes in the plasma cytokine concentration.
DISCUSSION significantly smaller from those before antioxidants (Figures 1B
The main findings of our study are as follows: (1 ) Plasma TNF-␣, and 3B).
IL-1␤, and IL-6 were induced secondary to resistive breathing.
Intracellular Cytokine Production by Monocytes
(2 ) Antioxidant supplementation drastically affected this induction so that plasma IL-1␤ became undetectable, the TNF-␣ reThe number of monocytes did not change significantly secondary sponse was abolished, and the IL-6 response was significantly to resistive breathing. Before antioxidants, monocyte counts blunted. We have shown that strenuous resistive breathing induces The level of cytokine expression in monocytes at the various plasma IL-1␤ and IL-6 (4). This study confirms the previous findings and shows for the first time that TNF-␣ is also induced secondary to resistive breathing, yet with a different time course. Whereas IL-1␤ and IL-6 are induced by the time resistive breathing ends and exhibit their peak increases 30 minutes after resistive breathing (Figures 2A and 3A) , TNF-␣ increases later ( Figure 1A ). The source of these cytokines remains elusive. We had speculated that blood monocytes and the respiratory muscles are the most likely candidates (4). The data presented here show that monocytes are not the sources of the resistive breathing-induced plasma cytokines. We used intracellular flow cytometric detection of cytokines, which allows for the sensitive determination of cytokine production by specific cell types, as it measures the amount of protein arrested at the Golgi complex of a specific cell population at a specific time point (32, 33) . Neither the percentage nor the absolute number of cytokine-positive monocytes increased in response to resistive breathing. The mean fluorescence intensity, a rough estimate of the amount of the cytokine production by cytokine-positive cells (36), was also not altered by resistive breathing. Furthermore, no correlation was found between the level of cytokine expression in monocytes and the plasma level of cytokines. Thus, although a role for monocytes in the baseline plasma level of cytokines cannot be excluded, monocytes do not contribute to the resistive breathing-induced Figure 3 . The IL-6 response to resistive breathing before and after antioxidants (for legend and symbols, refer to Figure 1) . plasma cytokine elevation. Values are mean Ϯ SEM (%) percentages of unstimulated IL-1␤-positive monocytes, TNF-␣-positive monocytes, and IL-6 positive monocytes among all monocytes (CD14 ϩ blood mononuclear cells) before the resistive breathing session (0 minutes), at the end of resistive breathing (45 minutes), and 75 minutes and 165 minutes after the beginning of the resistive breathing session, that is, 30 and 120 minutes after the end of resistive breathing. Control refers to the resistive breathing session performed before antioxidant supplementation. Antioxidants refers to the resistive breathing session performed after antioxidant supplementation (vitamin E 200 mg, vitamin A 50,000 IU, and vitamin C 1,000 mg per day for 60 days; allopurinol 600 mg/day for 15 days; and acetylcysteine 2 g/day for 3 days before and 800 mg on the morning of the second IRB session).
TABLE 1. PERCENTAGE OF CYTOKINE-POSITIVE CELLS IN UNSTIMULATED MONOCYTES
The source of resistive breathing-induced cytokines has not sensitive technique of intracellular flow cytometric detection of cytokines. In contrast, Rhind and colleagues (34), using similar been studied before. However, the role of monocytes in the plasma cytokine induction has been investigated during wholetechniques, found an exercise-induced increase in the percentage of monocytes expressing the cytokines. We cannot completely body exercise. Early reports using cultures of monocytes derived from sedentary and exercised subjects and stimulated with lipoexplain with certainty the differences between the results of Rhind and associates (34) and those of Starkie and colleagues polysaccharide or phytohaemagglutinin found increased levels of IL-1 and IL-6 in the culture supernatant (38), which suggested (35, 46) and ours. The exercise protocol of Rhind and colleagues (34) was very intense, incorporating both prolonged mixed aerothat monocytes were the sources of the exercise-induced cytokine elevation. However, the cytokine concentration in the subic-anaerobic and concentric-eccentric components, and was preceded by 1 week of exhaustive exercise. In contrast, resistive pernatants results from the summation of cytokine synthesis over the incubation period (36) , and thus does not necessarily breathing is a relatively pure concentric "exercise" for the respiratory muscles, which in our study was not preceded by training. represent the secretory output of monocytes in vivo at the specific time points tested. Ullum and colleagues (39), using a conFurthermore, Rhind and colleagues (34) have not determined the mean fluorescence intensity, and thus, no firm conclusions centric bicycle exercise protocol, found (by nuclear run-off analysis) that the pre-mRNA level of TNF-␣, IL-1␤, and IL-6 was about the contribution of monocytes in the cytokine production can be made, as increased numbers of cytokine-positive mononot altered by exercise. Similarly, Moldoveanu and colleagues (40) reported that 3 hours of cycling and inclined walking exercytes can have reduced mean fluorescence intensity and thus can actually produce less cytokine (46) . Given these limitations, cise at 60-65% of maximum oxygen consumption did not change the monocyte mRNA level of TNF-␣, IL-1␤, and IL-6 (deterit might also be speculated that the response of monocytes is exercise-type specific or that a threshold of duration and intensity mined by competitive reverse transcription-polymerase chain reaction), despite increases in plasma cytokine levels. In maraof exercise should be exceeded before the contribution of monocytes to the exercise-induced cytokine elevation becomes sigthon runners, Ostrowski and colleagues (41) found no change in the monocyte mRNA level of TNF-␣ and IL-6. However, nificant. Nevertheless, our results show that resistive breathing does not induce monocyte-derived cytokine production. monocyte IL-1␤ mRNA was increased in some subjects, with only modest increase in the plasma IL-1␤ protein (41) . Although Because monocytes are not the sources of the resistive breathing-induced cytokine induction, the question remains as to which highly suggestive, these results cannot exclude monocytes as sources of the exercise-induced cytokine production, as cytokine cells-tissues are the actual culprits. Although our study does not address this issue, accumulated evidence from whole-body mRNA levels do not necessarily reflect the translation of mRNA into secreted protein (42, 43) , given the well-established dissociaexercise studies could provide some answers. IL-6 originates from the exercising muscles themselves (5, 41, 47, 48) . Although tion between transcription and translation for these cytokines (44, 45) . the cells of origin have not been determined, in vitro results suggest that myocytes are the IL-6-producing cells. Accordingly, Our results in resistive breathing are similar to those of Starkie and colleagues during entire body exercise (35, 46) , who we have shown (in a model of C2C12 myocytes transformed in culture into myotubes) that muscle cells can produce IL-6 in a also excluded monocytes as sources of cytokines, using the same Definition of abbreviations: IL ϭ interleukin; TNF-␣ ϭ tumor necrosis factor-␣. * p Ͻ 0.05 compared with baseline (0 minutes) after Bonferroni-type adjustment according to Hochberg and Benjamini (37).
TABLE 2. PERCENTAGE OF CYTOKINE-POSITIVE CELLS IN LIPOPOLYSACCHARIDE-STIMULATED MONOCYTES
ROS-dependent pathway (49). Thus, the respiratory muscles are To our knowledge, the role of antioxidants in the strenuous resistive breathing-induced cytokine response has not been studlikely sources of the IL-6 induction during resistive breathing. The origin(s) of the IL-1␤ and the TNF-␣ is less clear. They ied before. However, most studies addressing the role of antioxidants in whole-body exercise-induced cytokine responses have might originate from the respiratory muscles, as both cytokines are expressed in muscles at the mRNA and protein level (14, not shown significant effects (58) (59) (60) . There are many potential explanations for the different findings between these works and 50-53).
It is also likely that the increased transpulmonary pressure ours. Inspiratory resistive breathing is a form of "exercise" restricted to the respiratory muscles, which in various responses are gradient during resistive breathing causes cytokine induction from cells resident in the lung, such as epithelial cells (28, 30) different from limb skeletal muscles. Thus, the results obtained during whole-body exercise experiments are not directly compaand fibroblasts, secondary to the augmented extraluminal stress imposed. This possibility is supported by studies of isolated, rable to resistive breathing. Previous studies have used exercise protocols that included an eccentric component (58, 60) , whereas perfused, mouse lung preparations, where increased transpulmonary pressure (yet generated by profound overdistention which resistive breathing is a concentric type "exercise" for the respiratory muscles. Eccentric contractions produce direct muscle injury is unlikely in our subjects) led to IL-6 and TNF-␣ release (54, 55) . The adipose tissue is another potential source of the exerciseand leukocyte infiltration, as contrasted to concentric contractions, which are less injurious for the muscles (5, 61) . Furtherinduced TNF-␣ production (56), and could also contribute to the elevated postexercise IL-6 levels (57). Finally, the liver, a more, some of these negative results were obtained in trained athletes (58) , and regular training may increase the natural antimajor source of cytokines during endotoxemia, could also contribute to the resistive breathing-induced cytokine elevation.
oxidant defense system so that the effect of antioxidants might be accordingly attenuated (61) . In contrast, we studied healthy More studies are needed to elucidate the tissues-cells of cytokine origin during resistive breathing.
volunteers who were not athletes to eliminate the possible confounding factor of training on antioxidant defense systems.
Antioxidant Supplementation and the Cytokine Response to
In this study, we used a cocktail of ROS scavengers (vitamins
Resistive Breathing
A, E, and C and N-acetylcysteine) and inhibitors of ROS-producing enzymes (allopurinol) (61-65), which prevents us from being Antioxidants significantly blunted the strenuous resistive breathable to ascertain the exact mechanism of effect. Vitamin E is ing-induced cytokine response. This indicates that oxidative the major lipid-soluble antioxidant in cell membranes, and is stress was a significant stimulus for this cytokine induction. In particularly efficient at quenching free radicals originating from fact, resistive breathing increases the production of ROS both the mitochondria and biomembranes. It protects against lipid within the working respiratory muscles and in the extracellular peroxidation by reacting with a variety of oxygen radicals, includand vascular compartments (26). ROS are general mediators ing singlet oxygen, lipid peroxide products, and the superoxide of cellular responses able to induce cytokine production from radical, to form a relatively innocuous tocopherol radical. Vitavarious cell types (28) (29) (30) 49) . Our finding that antioxidants sigmin C is a water-soluble antioxidant in the cytosol, and the nificantly blunted the strenuous resistive breathing-induced cyextracellular fluid that can directly scavenge superoxide, hytokine response is in concert with the role of ROS as stimuli droxyl radicals, and singlet oxygen and can also interact with the for the cytokine induction. These cytokines are being rapidly tocopherol radical to regenerate reduced tocopherol. Vitamin upregulated both at the translational (48) and the posttransla-A is the most efficient "quencher" of singlet oxygen, whereas tional level (43, 44) , and the kinetics of ROS production are suitable for signaling purposes in such a quick response.
allopurinol inhibits the ROS-producing enzyme xanthine oxi- dase. N-acetyl-cysteine improves cysteine availability for the bio-the second resistive breathing session, which suggests that antioxactivation of the tumor necrosis factor-alpha system in patients with idants affected both the constitutive (baseline) and the resistive 
